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A B S T R A C T
Diﬀusion MRI (dMRI) studies using the tensor model have identiﬁed abnormal white matter development as-
sociated with perinatal risk factors in preterm infants studied at term equivalent age (TEA). However, this model
is an oversimpliﬁcation of the underlying neuroanatomy. Fixel-based analysis (FBA) is a novel quantitative
framework, which identiﬁes microstructural and macrostructural changes in individual ﬁbre populations within
voxels containing crossing ﬁbres. The aim of this study was to apply FBA to investigate the relationship between
ﬁxel-based measures of apparent ﬁbre density (FD), ﬁbre bundle cross-section (FC), and ﬁbre density and cross-
section (FDC) and perinatal risk factors in preterm infants at TEA. We studied 50 infants (28 male) born at
24.0–32.9 (median 30.4) weeks gestational age (GA) and imaged at 38.6–47.1 (median 42.1) weeks post-
menstrual age (PMA). dMRI data were acquired in non-collinear directions with b-value 2500 s/mm2 on a 3
Tesla system sited on the neonatal intensive care unit. FBA was performed to assess the relationship between FD,
FC, FDC and PMA at scan, GA at birth, days on mechanical ventilation, days on total parenteral nutrition (TPN),
birthweight z-score, and sex. FBA reveals ﬁbre population-speciﬁc alterations in FD, FC and FDC associated with
clinical risk factors. FD was positively correlated with GA at birth and was negatively correlated with number of
days requiring ventilation. FC was positively correlated with GA at birth, birthweight z-scores and was higher in
males. FC was negatively correlated with number of days on ventilation and days on TPN. FDC was positively
correlated with GA at birth and birthweight z-scores, negatively correlated with days on ventilation and days on
TPN and higher in males. We demonstrate that these relationships are ﬁbre-speciﬁc even within regions of
crossing ﬁbres. These results show that aberrant white matter development involves both microstructural
changes and macrostructural alterations.
1. Introduction
Preterm birth aﬀects 1 in 10 births worldwide (Howson et al.,
2013), and is a leading cause of infant mortality and morbidity
(Blencowe et al., 2012). The adverse consequences of prematurity en-
compass a wide range of impairments including cognitive, behavioural
(Bayless and Stevenson, 2007; Bhutta et al., 2002; Delobel-Ayoub et al.,
2009; Joseph et al., 2016; Marlow et al., 2005), motor (Marlow et al.,
2007; Williams et al., 2010; Wood et al., 2005) and language delays
(Allin et al., 2008; Guarini et al., 2009; Wolke and Meyer, 1999; Wolke
et al., 2008). Moreover, perinatal risk factors such as the need for re-
spiratory support, parenteral nutrition, growth restriction and infection
are common in the preterm population and are associated with an in-
creased risk of brain injury and poor outcome (Bernstein et al., 2000;
Brouwer et al., 2017; Kady and Gardosi, 2004; Kobaly et al., 2008; Lin
and Stoll, 2006; Lodha et al., 2014; Padilla et al., 2014; Short et al.,
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2003; Stephens et al., 2009; Vohr et al., 2000).
The cerebral white matter is particularly vulnerable to injury in
preterm infants (Volpe, 2003, 2009a, 2009b). Quantitative magnetic
resonance imaging (MRI) approaches, such as diﬀusion MRI (dMRI),
have been used extensively to examine white matter development and
injury in this population. Measures derived from the diﬀusion tensor
model are sensitive to developmental changes and alterations in white
matter related to prematurity and perinatal risk factors (Anjari et al.,
2009; Ball et al., 2010; Chau et al., 2009; Zwicker et al., 2013).
Nonetheless, this model is an over simpliﬁcation of the underlying
anatomy. White matter voxels contain crossing ﬁbres, with up to 90%
of voxels containing multiple distinct ﬁbre populations in the adult
brain (Behrens et al., 2007; Jeurissen et al., 2013). However, the dif-
fusion tensor expresses a single principal direction and is unable to
characterise more than one ﬁbre orientation. This is especially im-
portant for tensor-based tractography methods which may fail in re-
gions where measured fractional anisotropy (FA) is low, including re-
gions of complex ﬁbre architecture and branching structures such as the
lateral projections of the corpus callosum (Tournier et al., 2011). One
approach to overcome this limitation is constrained spherical decon-
volution (CSD) (Tournier et al., 2007; Tournier et al., 2004) which can
resolve multiple ﬁbre populations within a voxel. We have previously
applied CSD to preterm neonatal populations to study white matter
tracts with complex conﬁgurations that are not possible to resolve with
diﬀusion tensor imaging (DTI) (Pieterman et al., 2017; Salvan et al.,
2017). However, these studies reported voxel-averaged DTI measures in
their assessments of white matter microstructure and did not in-
corporate macrostructural measures.
Volumetric tissue changes can be assessed using tensor-based mor-
phometry (TBM), based on the spatial transformations derived from
image registration of each subject to a common template. The de-
terminant of the spatial derivative matrix (the Jacobian) describes the
local expansion or contraction of each subject's image with respect to
the template. However, this discards information regarding the spatial
direction of volume change. With respect to white matter, a change
perpendicular to the ﬁbre bundle is more likely to reﬂect a functionally
relevant change than a change in tract length. Zhang et al. (2009) in-
troduced a TBM-based approach which quantiﬁed the volumetric
change in the plane perpendicular to the main ﬁbre bundle orientation.
This method provided a more meaningful and sensitive measure of
tissue morphology, nonetheless, it was still limited by the tensor model.
Fixel-based analysis (FBA) is a novel framework which provides
quantitative measures of macro- and microstructure associated with a
single ﬁbre population, even in voxels containing crossing ﬁbres
(Raﬀelt et al., 2017). In FBA, a higher-order diﬀusion model is used to
compute ﬁbre orientation density functions (ODF) from which
Table 1
Perinatal characteristics of the study group.
Perinatal clinical characteristic All subjects Male subjects n=28 Female subjects n= 22 p-Value
Median (range) gestational age at birth (weeks) 30.4 (24.0–32.9) 29.9 (24.3–32.7) 30.0 (24.0–32.9) 0.3880
Median (range) postmenstrual age at scan (weeks) 42.1 (38.6–47.1) 42.1 (38.6–46.1) 41.6 (39.4–47.1) 0.8866
Median (range) birthweight (grams) 1202.5 (645–1990) 1215 (645–1990) 1130 (669–1960) 0.8044
Mean (SD) birthweight z-scores −0.71 (0.876) −0.72 (1.0) −0.69 (0.70 0.9473
Median (range) days of ventilation 0 (0–40) 0 (0−30) 0 (0–40) 1
Median (range) days of total parenteral nutrition 6.5 (0–89) 6 (0–24) 6 (0–89) 0.9371
Rate of weight gain (grams per week) 164 (11–276) 166 (94–276) 146 (11–229) 0.5694
NEC requiring surgery (no, %) 1 (2%) 0 (0%) 1 (4.5%) –
Chorioamnionitis (no., %) 2 (4%) 1 (3.6%) 1 (4.5%) –
PDA requiring medical or surgical treatment (no., %) 1 (2%) 1 (3.6%) 0 (0%) –
Fig. 1. The relationship between PMA at scan and apparent ﬁbre density (FD). Fixels with a signiﬁcant positive correlation (corrected p < 0.05) are shown on the
top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-posterior; blue: inferior-superior) are shown on the
bottom row, in the axial plane. The scatter plot shows the correlation between PMA and FD averaged over all signiﬁcant ﬁxels. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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individual ﬁbre populations are extracted. Individual ﬁbre bundle ele-
ments within a voxel are referred to as ﬁxels. FBA allows the group-wise
comparison of ﬁxel-speciﬁc apparent ﬁbre density, morphometric
change in ﬁbre bundle cross-section, and the combined measure of ﬁbre
density and bundle cross-section.
Apparent ﬁbre density (FD) estimates the volume of the restricted
intra-axonal compartment for a particular ﬁbre population direction
within a voxel. A reduced FD may be due to fewer axons in that ﬁbre
population or due to smaller axons. This makes FD sensitive to changes
in tissue microstructure. For the assessment of morphometric group
diﬀerences, ﬁbre cross-section (FC) captures ﬁxel-speciﬁc changes in
ﬁbre-bundle cross-sectional area. FC is based on the transformations
derived from ODF registration, analogous to the tensor-based method
from Zhang et al. (2009). Decreases in FC reﬂect a reduction in the
spatial extent occupied by the tract that may be due to impaired axonal
growth or due to atrophy following an insult.
Fibre density and cross-section (FDC) is the ﬁbre density weighted
by the change in the cross-sectional extent of the tract. Assuming that
the total FD across a ﬁbre bundle is a measure of its capacity to relay
information, FDC allows comparisons of this capacity, irrespective of
morphometry. Recently, Pannek et al. (2018) demonstrated the feasi-
bility of applying FBA to study white matter during the perinatal period
for a preterm cohort, assessing alterations in white matter related to
prematurity, age at scan and brain abnormalities. However, the study
did not evaluate the impact of clinical risk factors on white matter.
The aim of this study was to investigate the relationship between
ﬁxel-based measures and a number of clinical risk factors including
degree of prematurity, the number of days on mechanical ventilation,
sex, the number of days on total parenteral nutrition (TPN), and
birthweight. We hypothesise that greater exposure to these risk factors
Fig. 2. The relationship between PMA at scan and ﬁbre cross-section (FC). Fixels with a signiﬁcant positive correlation (corrected p < 0.05) are shown on the top
row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-posterior; blue: inferior-superior) are shown on the
bottom row, in the axial plane. The scatter plot shows the correlation between PMA and FC averaged over all signiﬁcant ﬁxels. The single slice axial plane shows a
close up of ﬁxels within a crossing ﬁbre region that are signiﬁcantly correlated with PMA (red-yellow) overlaid on the ﬁxel template (black), showing that callosal
and corticospinal ﬁxels are signiﬁcantly associated with PMA but not association ﬁbre ﬁxels. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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is associated with lower FD and FC. We expect FBA to provide new
insights into whether risk factors aﬀect whole-brain white matter or
whether the eﬀects are localised. Furthermore, in crossing ﬁbre regions
FBA will help to discern whether individual tracts are aﬀected or
whether these eﬀects are regional, traversing multiple white matter
tracts.
2. Methods
2.1. Subjects
We studied 50 infants (28 male) born at 24.0–32.9 (median 30.4)
weeks gestational age (GA) and imaged at 38.6–47.1 (median 42.1)
weeks postmenstrual age (PMA). Infants were recruited as part of the
Evaluation of Preterm Imaging (E-Prime) study of preterm brain de-
velopment. Written parental consent was obtained prior to imaging. T1-
and T2-weighted MR images were assessed for the presence of focal
brain injury. The perinatal characteristics of the infants were obtained
from clinical records at the time of MRI. A two-sample Kolomorov-
Smirnoﬀ test was applied to test for diﬀerences between male and fe-
male subjects in perinatal clinical characteristics. We found no sig-
niﬁcant sex diﬀerences in any of the perinatal characteristics studied.
2.2. MR data acquisition
3D MPRAGE (Magnetization Prepared Rapid Acquisition Gradient
Echo, TR 17ms; TE 4.6 ms; ﬂip angle 13°; slice thickness 0.8 mm; in
plane resolution 0.82× 0.82mm), T2-weighted turbo spin echo (TR
8670ms; TE 160ms; ﬂip angle 90°; slice thickness 2mm; in plane re-
solution 0.86× 0.86mm) and high angular resolution diﬀusion ima-
ging (HARDI) data (64 non-collinear directions, b= 2500 s/mm2 and 4
non-diﬀusion-weighted images, TR=9000ms, TE=62ms, voxel size,
2 mm isotropic, SENSE factor of 2) were acquired on a Philips 3 Tesla
(Philips Medical Systems, Best, The Netherlands) system sited on the
neonatal intensive care unit using an eight-channel phased array head
coil. All examinations were supervised by a pediatrician experienced in
MR imaging. Pulse oximetry, temperature and electrocardiography
were monitored throughout the scan and ear protection was used,
comprising earplugs molded from a silicone-based putty (President
Putty, Coltene Whaledent, Mahwah, NJ, USA) placed in the external
auditory meatus and neonatal earmuﬀs (MiniMuﬀs, Natus Medical Inc.,
San Carlos, CA, USA).
2.3. Image processing
HARDI data were pre-processed by manual removal of motion-
corrupted volumes, PCA-based denoising (Veraart et al., 2016), sus-
ceptibility correction and eddy current and subject motion correction
using FSL's topup-eddy algorithm (Andersson et al., 2016; Andersson
et al., 2003; Andersson et al., 2017; Andersson and Sotiropoulos, 2016),
bias ﬁeld correction (Tustison et al., 2010) and intensity normalisation
across datasets. ODF images were computed for each subject using
multi-shell multi-tissue CSD. Tissue-speciﬁc group-average response
functions for white matter and cerebrospinal ﬂuid (CSF) were estimated
using both b= 0 and b= 2500 s/mm2 shells. White matter ﬁbre ODFs
are assumed to be anisotropic and are modelled using a spherical har-
monic series of order 8, whereas CSF is assumed to be isotropic and
hence modelled using an ODF with spherical harmonic order 0. The
white matter response function was estimated from single-ﬁbre voxels
identiﬁed using the algorithm described in (Tournier et al., 2013). To
calculate the isotropic CSF response function, voxels within the ven-
tricles were delineated by manually drawing regions of interest. The
CSF and white matter response functions were averaged across subjects
and used to calculate each subject's ODF images.
Structural MRI data were pre-processed by running bias ﬁeld cor-
rection using the N4 algorithm (Tustison et al., 2010). T2-weighted
images were brain extracted using BET from FSL (Smith, 2002) and
segmented using an automated, neonatal-speciﬁc technique based on
the DRAW-EM algorithm (Makropoulos et al., 2016). Tissue segmen-
tations of the cortical grey matter, deep grey matter, white matter and
ventricles were summed to calculate total brain volumes.
Fig. 3. The relationship between PMA at scan and ﬁbre density and cross-section (FDC). Fixels with a signiﬁcant positive correlation (corrected p < 0.05) are shown
on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-posterior; blue: inferior-superior) are shown on
the bottom row, in the axial plane. The scatter plot shows the correlation between PMA and FDC averaged over all signiﬁcant ﬁxels. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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2.4. Fixel-based analysis
2.4.1. Registration
Each infant's ODF image was registered to an iteratively reﬁned,
group-averaged ODF template using nonlinear transformations (Raﬀelt
et al., 2012; Raﬀelt et al., 2011). The registration preserves the total
ODF integral and the volume fractions of each ﬁbre population (Raﬀelt
et al., 2009). To avoid the eﬀects of focal brain injury on the template
morphology, the template was created from a subset of 36 subjects (20
male) without focal brain injury. The demographics of this subset are
included in the Supplementary Table 1. A two-sample Kolgomorov-
Smirnoﬀ test was applied to test for diﬀerences between the template
and the whole study group. No signiﬁcant diﬀerences were found in any
of the recorded perinatal characteristics (all p-values> 0.05).
2.4.2. Apparent ﬁbre density
At high diﬀusion-weightings, the extra-axonal water is strongly at-
tenuated and the total radial diﬀusion signal is proportional to the
Table 2
Summary of results from ﬁxel-based analysis. All signiﬁcant results are bilateral, unless the hemisphere is stated explicitly.
Variable of interest FD FC FDC
PMA (positive correlation) Forceps minor Body of corpus callosum Body of corpus callosum
Forceps major Corticospinal tract Lateral projections of corpus
callosum
Lateral projections of the corpus
callosum
Inferior longitudinal fasciculus Forceps minor
Corona radiata Cerebellum Forceps major
Inferior fronto-occipital fasciculus Corticospinal tract
Superior longitudinal fasciculus Inferior fronto-occipital fasciculus
Inferior longitudinal fasciculus Superior longitudinal fasciculus
Inferior longitudinal fasciculus
Thalamic regions
Cerebellum
GA at birth (corrected for PMA; positive correlation) splenium of corpus callosum Genu of corpus callosum Genu of corpus callosum
tapetum of corpus callosum Splenium of corpus callosum Splenium of corpus callosum
Left inferior fronto-occipital
fasciculus
Anterior commissure Tapetum of corpus callosum
Right corticospinal tract Anterior commissure
Inferior fronto-occipital
fasciculus
Inferior fronto-occipital fasciculus
Superior longitudinal fasciculus Inferior longitudinal fasciculus
Inferior longitudinal fasciculus Fornix
Left Cingulum
Fornix
Thalamic regions
Cerebellum
Pons
Days on ventilation (corrected for PMA and GA; negative
correlation)
Cerebellum Genu of corpus callosum Corticospinal tract
Pons Splenium of corpus callosum Inferior longitudinal fasciculus
Tapetum of corpus callosum Right Fornix
Anterior commissure Cerebellum
Corticospinal tract Pons
Anterior limb of the internal
capsule
Inferior fronto-occipital
fasciculus
Inferior longitudinal fasciculus
Fornix
Thalamic regions
Cerebellum
Pons
Days on total parenteral nutrition (corrected for PMA and GA;
negative correlation)
NS Corticospinal tract NS
External capsule
Cerebellum
Pons
Birth weight z score (corrected for PMA and GA; negative
correlation)
NS Splenium of corpus callosum Splenium of corpus callosum
Corticospinal tract Corticospinal tract
Superior longitudinal fasciculus Inferior fronto-occipital fasciculus
Inferior longitudinal fasciculus Inferior longitudinal fasciculus
Cingulum Right Fornix
Fornix
Cerebellum
Pons
Sex diﬀerences (male > female) NS Splenium of corpus callosum Corticospinal tract
Corticospinal tract
Inferior fronto-occipital
fasciculus
Superior longitudinal fasciculus
Cingulum
Fornix
Inferior longitudinal fasciculus
Cerebellum
Sex diﬀerences (female > male) NS NS NS
NS=not signiﬁcant.
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intra-axonal water. The amplitude of the ODF is proportional to the
radial diﬀusion signal and therefore provides a measure of the intra-
axonal volume fraction of the ﬁbres aligned with the corresponding
direction. FD was calculated for each ﬁxel in each infant's warped ODF
image. For each infant, the ODF lobes were segmented, and the FD of
each lobe was calculated by numerically integrating the ODF lobe over
the corresponding orientations (Smith et al., 2013). Fixels in each in-
fant's warped ODF image were then reoriented to ensure orientation
information remains anatomically consistent across voxels.
To achieve anatomical correspondence across subjects, each ODF in
the template was segmented and a template ﬁxel mask was deﬁned
within which to perform statistical analysis. The FD value from each
infant's ﬁxel was assigned to the corresponding ﬁxel in the template.
2.4.3. Fibre cross-section
At each point, the nonlinear mapping of each infant's ODF image to
the template is given by the Jacobian matrix. The determinant of the
Jacobian describes the local expansion or contraction with respect to
the template. FC is a measure of the volume change in the direction
perpendicular to the orientation of a ﬁxel computed using the de-
terminant of the Jacobian (Raﬀelt et al., 2017). FC is calculated using
the warp from the template to the subject, and so a FC>1 represents a
larger ﬁbre bundle in the subject than in the template.
2.4.4. Fibre density and cross-section
FD and FC can be combined to give a measure that reﬂects both
changes in microscopic density and macroscopic morphology. For each
ﬁxel, FDC is calculated as FD multiplied by FC (Raﬀelt et al., 2017).
2.5. Statistical analysis
Whole-brain probabilistic tractography was performed in the ODF
template, seeded from a whole-brain white matter mask to produce a
tractogram of 100 million streamlines. From this tractogram, a subset of
10 million streamlines was selected that best ﬁt the diﬀusion signal
using the SIFT algorithm (Smith et al., 2013). Connectivity-based ﬁxel
enhancement (CFE) was performed. CFE uses probabilistic tractography
to estimate the degree of structural connectivity between ﬁxels, which
is then used to smooth ﬁxel measures across connected ﬁxels and for
multiple comparisons correction by identifying connected clusters of
ﬁxels of signiﬁcant eﬀect, similar to that of threshold-free cluster en-
hancement (Raﬀelt et al., 2015). Multiple comparisons correction was
carried out using non-parametric permutation testing (Nichols and
Holmes, 2002) with family-wise error (FWE) rate correction using the
ﬁxelcfestats command provided as part of MRtrix3. Following statistical
analysis, an expert in neonatal neuroimaging (SJC) identiﬁed which
tracts corresponded to those ﬁxels that were signiﬁcantly correlated to
perinatal risk factors using FBA.
First, in order to assess the relationship between ﬁxel-based mea-
sures and age at scan, regression analysis was performed between FD,
FC and FDC and PMA. We then undertook regression analyses to assess
the relationship between FD, FC and FDC and perinatal risk factors: GA
at birth, the number of days on mechanical ventilation, the number of
days on total parenteral nutrition (TPN) and birthweight z-scores. We
also assessed group diﬀerences between male and female subjects. We
carried out these analyses controlling for PMA at scan and GA at birth
(except when GA at birth was the variable of interest and only PMA was
included as a covariate). Morphological and microstructural diﬀerences
have been observed previously between male and female subjects
(Barnett et al., 2018; Gilmore et al., 2007) therefore we repeated this
analysis including sex as an additional covariate.
FC and FDC may be associated with brain volume, and so we re-
peated our analyses with brain volume as a covariate. However, brain
volume is also likely to be related to PMA at scan and all of the risk
factors assessed here. We therefore assessed the relationship between
brain volume and PMA, GA, days on ventilation, days on TPN, birth-
weight z-scores and sex diﬀerences using Pearson's correlation and re-
port our ﬁndings in Supplementary Data (Supplementary Figs. 1–5 and
Supplementary Table 2).
We did not assess the relationship between ﬁxel-based measures and
necrotising enterocolitis, chorioamnionitis or treatment for patent
ductus arteriosus as there were few subjects in the study group
(Table 1).
Fig. 4. The relationship between GA at birth and apparent ﬁbre density (FD), corrected for PMA at scan. Fixels with a signiﬁcant positive correlation (corrected
p < 0.05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-posterior; blue: inferior-
superior) are shown on the bottom row, in the axial plane. The scatter plot shows the partial correlation between GA and FD averaged over all signiﬁcant ﬁxels,
corrected for PMA. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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3. Results
3.1. Perinatal characteristics
The perinatal characteristics of the infants are described in Table 1.
3.2. MRI ﬁndings
Focal brain injury was observed on conventional MRI in three in-
fants. One subject had a unilateral cerebellar haemorrhage; one subject
had a small unilateral haemorrhagic parenchymal infarct, and one
subject had haemorrhage in the right temporal lobe, cerebellar hae-
morrhage, cerebellar hypotrophy and bilateral intraventricular hae-
morrhage.
3.3. Relationship between ﬁxel measures and postmenstrual age at scan
PMA at scan was signiﬁcantly positively correlated with FD, FC and
FDC throughout the white matter. PMA was correlated with FD in the
forceps minor and forceps major, lateral projections of the corpus cal-
losum, the corona radiata, inferior fronto-occipital fasciculus, superior
longitudinal fasciculus and inferior longitudinal fasciculus (Fig. 1).
There was a positive correlation between PMA and FC in the body of the
corpus callosum, the corticospinal tract, inferior longitudinal fasciculus
and cerebellum (Fig. 2). FDC was correlated with PMA in the middle
portion of the body of the corpus callosum, the lateral projections of the
corpus callosum, the forceps minor, forceps major, corticospinal tract,
inferior fronto-occipital fasciculus, superior longitudinal fasciculus,
inferior longitudinal fasciculus, thalamic regions and cerebellum
(Fig. 3). There were no diﬀerences in the results when sex was added as
Fig. 5. The relationship between GA at birth and ﬁbre cross-section (FC), corrected for PMA at scan. Fixels with a signiﬁcant positive correlation (corrected
p < 0.05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-posterior; blue: inferior-
superior) are shown on the bottom row, in the axial plane. The scatter plot shows the partial correlation between GA and FC averaged over all signiﬁcant ﬁxels,
corrected for PMA. The single slice axial plane in the FC panel shows a close up of ﬁxels within the cerebellum that are signiﬁcantly correlated with GA (red-yellow)
overlaid on the ﬁxel template (black), highlighting which ﬁbres within crossing ﬁbre regions are signiﬁcantly associated with prematurity. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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a covariate.
3.4. Relationship between ﬁxel measures and perinatal risk factors after
controlling for postmenstrual age at scan and gestational age at birth
All the results reported below are bilateral, unless the hemisphere is
stated, signiﬁcant with FWE-corrected p-values< .05 and corrected for
PMA at scan and GA at birth. The results are summarised in Table 2.
There were no diﬀerences in the results when sex was included as a
covariate.
3.4.1. Gestational age at birth
GA at birth was signiﬁcantly positively correlated with FD, FC and
FDC, after correcting for PMA at scan. GA was positively correlated
with FD in the splenium 15 and tapetum of the corpus callosum, and a
small region in the anterior portion of the left inferior fronto-occipital
fasciculus (Fig. 4). GA was positively correlated with FC in the genu and
splenium of the corpus callosum, the anterior commissure, the right
corticospinal tract, the inferior fronto-occipital fasciculus, superior
longitudinal fasciculus, inferior longitudinal fasciculus, fornix, cere-
bellum and pons (Fig. 5). FDC was positively correlated with GA in the
genu, splenium and tapetum of the corpus callosum, the anterior
commissure, and the middle-to-anterior regions of the inferior fronto-
occipital fasciculus and inferior longitudinal fasciculus, and fornix
(Fig. 6).
3.4.2. Days on mechanical ventilation
All ﬁxel measures were signiﬁcantly negatively correlated with the
number of days requiring mechanical ventilation, corrected for PMA
and GA. FD in the cerebellum and the pons was negatively correlated
with number of days on mechanical ventilation (Supplementary Fig. 1).
FC was negatively correlated with number of days on ventilation in the
genu, splenium and tapetum of the corpus callosum, the anterior
commissure, corticospinal tract, anterior limb of the internal capsule,
middle-to-anterior regions of the inferior fronto-occipital fasciculus and
inferior longitudinal fasciculus, fornix, thalamic regions, cerebellum
and pons (Fig. 7). Of note, FBA was able to delineate which ﬁbre
bundles within a region of crossing ﬁbres were correlated with me-
chanical ventilation, and highlighted that within the centrum semi-
ovale, duration of mechanical ventilation was signiﬁcantly negatively
correlated with FC in ﬁbres from the corticospinal tract and not asso-
ciation ﬁbres or lateral projections of the corpus callosum. FDC was
negatively correlated with number of days on mechanical ventilation in
the corticospinal tract, inferior longitudinal fasciculus, the right fornix,
the cerebellum and pons (Supplementary Fig. 2).
3.4.3. Days on total parenteral nutrition
There were no signiﬁcant correlations between FD, FDC and the
number of days requiring TPN. FC showed a negative correlation in the
corticospinal tract, external capsule, cerebellum and pons (Fig. 8). We
performed post-hoc analysis to determine whether these results were
inﬂuenced by an outlier. After removing the subject with highest
number of days on TPN (89 days), the results were no longer statisti-
cally signiﬁcant.
3.4.4. Birthweight
Birthweight z-scores were not correlated with FD. FC was sig-
niﬁcantly positively correlated with birthweight z-scores throughout
the white matter including the genu, splenium, body and lateral pro-
jections of the corpus callosum, the anterior commissure, corticospinal
tract, the right anterior limb of the internal capsule, inferior fronto-
occipital fasciculus, superior longitudinal fasciculus, inferior long-
itudinal fasciculus, fornix, thalamic regions, the cerebellum and pons
(Fig. 9). FDC was positively correlated with birthweight z-scores in the
splenium of the corpus callosum, corticospinal tract, inferior fronto-
occipital fasciculus, inferior longitudinal fasciculus and the right fornix
(Supplementary Fig. 3).
3.4.5. Sex
There were no signiﬁcant diﬀerences in FD between male and fe-
male subjects. Male subjects showed signiﬁcantly higher FC in the
splenium of the corpus callosum, corticospinal tract, the superior
longitudinal fasciculus, inferior longitudinal fasciculus, cingulum,
fornix and cerebellum (Fig. 10) and higher FDC in the corticospinal
Fig. 6. The relationship between GA at birth and apparent ﬁbre density and cross-section (FDC), corrected for PMA at scan. Fixels with a signiﬁcant positive
correlation (corrected p < 0.05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-
posterior; blue: inferior-superior) are shown on the bottom row, in the axial plane. The scatter plot shows the partial correlation between GA and FDC averaged over
all signiﬁcant ﬁxels, corrected for PMA. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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tract at the level of the centrum semiovale and posterior limb of internal
capsule (Supplementary Fig. 4). There were no instances where ﬁxel
measures were signiﬁcantly higher in female subjects than male sub-
jects.
4. Discussion
This study reveals ﬁbre population-speciﬁc associations between
measures of ﬁbre density and regional white matter fasciculi cross-
section, and perinatal risk factors. Our ﬁndings are in line with previous
dMRI studies by our group and others assessing white matter devel-
opment in the preterm population, demonstrating abnormal white
matter development associated with immaturity at birth, longer re-
quirement for mechanical ventilation, parenteral nutrition, stress and
illness severity (Anjari et al., 2009; Ball et al., 2010; Barnett et al., 2018;
Brummelte et al., 2012; Chau et al., 2009; Zwicker et al., 2013). Using
FBA, we demonstrate that microstructural alterations in ﬁbre density
and macrostructural alterations in ﬁbre bundle cross-section associated
with clinical risk factors aﬀect individual ﬁbre bundles rather than
spatially contiguous voxels. In the unmyelinated neonatal brain, lower
FC reﬂects a reduction in the cross-sectional area of a white matter tract
and lower FD indicates a reduction in the intra-axonal volume of ﬁbres
orientated in a particular direction, presumably due to axons with
smaller diameter or fewer axons, although it is not possible to diﬀer-
entiate these two possibilities using this approach. Nevertheless, both
reduced FD and FC are likely to reﬂected impaired white matter de-
velopment and impaired ability to transfer information across brain
regions.
Fig. 7. The relationship between the number of days requiring mechanical ventilation and ﬁbre cross-section (FC), corrected for PMA at scan and GA at birth. Fixels
with a signiﬁcant negative correlation (corrected p < 0.05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red:
left-right; green: anterior-posterior; blue: inferior-superior) are shown on the bottom row, in the axial plane. The scatter plot shows the partial correlation between
days on mechanical ventilation and FC averaged over all signiﬁcant ﬁxels, corrected for PMA and GA. The sagittal plane shows a close up of ﬁxels signiﬁcantly
correlated with days on ventilation (blue) overlaid on the ﬁxel template (black) in the centrum semiovale, showing that only corticospinal ﬁxels and not callosal or
association ﬁbre ﬁxels are associated with days on ventilation. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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In general, the correlations between perinatal risk factors and FC
were more widespread than the correlations with FD. Indeed, there
were no correlations between FD and the number of days requiring TPN
or birthweight z-scores, and no signiﬁcant diﬀerences in FD were found
between male and female subjects. These results suggest that the peri-
natal clinical variables studied here are more strongly associated with
reductions in the cross-sectional area of white matter fasciculi rather
than changes in apparent ﬁbre density. It is possible that impaired
white matter development previously attributed to microstructural
changes in DTI studies may be due to alterations in ﬁbre cross-sectional
area of speciﬁc ﬁbre bundles at the macroscopic scale. This study ex-
tends our knowledge of morphological changes associated with peri-
natal risk factors by demonstrating ﬁbre-speciﬁc relationships. Using
ﬁxel-based measures it is possible to identify whether morphological
changes are localised to speciﬁc ﬁbre bundles or are related to changes
across the whole of the white matter. This is of particular importance in
regions of crossing ﬁbres. For example, in the centrum semiovale, we
observed that FC in the corticospinal tract was diminished with greater
requirement for mechanical ventilation (when correcting for PMA and
GA), however there was no relationship between duration of mechan-
ical ventilation and FC in the association ﬁbres traversing the region. By
identifying which tracts, and therefore which functional pathways, are
aﬀected by speciﬁc risk factors it may be possible to anticipate future
developmental impairment.
After including total brain volume, correlations between ﬁxel
measures and GA at birth, days on TPN, birthweight z-scores and dif-
ferences between male and female subjects were no longer statistically
signiﬁcant. However, brain volume was strongly correlated with age at
scan and the perinatal risk factors. Including brain volume as a cov-
ariate, therefore, essentially removes the eﬀect of interest. Future FBA
studies may extend to multivariate analyses, taking into account the
interdependencies of variables. After including sex as a covariate in
addition to PMA and GA there were no changes to the results and no
signiﬁcant sex diﬀerences were observed in any of the risk factors
studied here. Therefore, it is unlikely that changes in ﬁxel measures
observed across risk factors are driven by sex-speciﬁc morphological
Fig. 8. The relationship between the number of days on total parenteral nutrition (TPN) and ﬁbre cross-section (FC), corrected for PMA at scan and GA at birth. Fixels
with a signiﬁcant negative correlation (corrected p < .05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red:
left-right; green: anterior-posterior; blue: inferior-superior) are shown on the bottom row, in the coronal plane. The scatter plot shows the partial correlation between
days TPN and FC averaged over all signiﬁcant ﬁxels, corrected for PMA and GA. The single slice coronal plane shows a close up of ﬁxels signiﬁcantly correlated with
days on TPN (blue) overlaid on the ﬁxel template (black) in the brainstem, showing that both corticospinal ﬁbres and pontine ﬁxels are associated with days on TPN.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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diﬀerences.
Previous DTI studies have shown a dose-dependent relationship
between GA at birth and white matter FA values (Anjari et al., 2007)
and preterm birth is associated with reduced white matter volume
(Inder et al., 2005; Kersbergen et al., 2016a; Srinivasan et al., 2006;
Thompson et al., 2007). In a recent study Pannek et al. (2018) showed
that GA at birth was positively correlated with all three ﬁxel measures
in the splenium of the corpus callosum. In our study, GA at birth was
positively correlated with FD in the splenium and tapetum of the corpus
callosum and the anterior left inferior fronto-occipital fasciculus and
FDC was positively correlated with GA in the genu, splenium and ta-
petum of the corpus callosum, anterior commissure, inferior fronto-
occipital fasciculus, inferior longitudinal fasciculus and fornix, when
correcting for PMA at scan. These results suggest that commissural ﬁ-
bres, and association ﬁbres to a lesser extent, are vulnerable to
disturbances in intra-axonal volume fraction following preterm birth.
Respiratory illness during the perinatal period is associated with
poor developmental outcome (Hansen et al., 2004; Short et al., 2003)
and, independent of prematurity at birth, is associated with white
matter abnormalities identiﬁed on DTI (Anjari et al., 2009; Ball et al.,
2010) and reduced white matter and cerebellar volumes in preterm
infants (Argyropoulou et al., 2003; Boardman et al., 2007; Thompson
et al., 2007) and preterm-born children (Reiss et al., 2004). FBA reveals
that, while the relationship between days on ventilation and FC was
widespread across the white matter and cerebellum, microstructural
changes in FD were localised to the cerebellum and pons, and altera-
tions in FDC were observed in the corticospinal tract, cerebellum, pons
and inferior longitudinal fasciculus. Cerebellar microstructural devel-
opment in preterm infants has been not been well characterised.
Brossard-Racine et al. (2017) reported counterintuitive higher FA and
Fig. 9. The relationship between birthweight z-scores and ﬁbre cross-section (FC), corrected for PMA at scan and GA at birth. Fixels with a signiﬁcant positive
correlation (corrected p < 0.05) are shown on the top row, and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-
posterior; blue: inferior-superior) are shown on the bottom row, in the axial plane. The scatter plot shows the partial correlation between birthweight z-scores and FC
averaged over all signiﬁcant ﬁxels, corrected for PMA and GA. The single slice coronal plane shows a close up of ﬁxels signiﬁcantly correlated with birthweight z-
scores (red-yellow) overlaid on the ﬁxel template (black) in the centrum semiovale, showing that corticospinal and callosal ﬁxels are associated with birthweight z-
scores, but not association ﬁbre ﬁxels. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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lower MD associated with compromised respiratory function in the
dentate nucleus and white matter abnormality scores in the vermis.
This is most likely due the prevalence of crossing ﬁbres in these regions,
which have been demonstrated in post-mortem foetal brains using CSD
tractography (Takahashi et al., 2014), highlighting the need for higher-
order diﬀusion models in regions of complex ﬁbre conﬁgurations, and
speciﬁcally the cerebellum. After correcting for brain volume, the as-
sociation with FC remained statistically signiﬁcant in the corticospinal
tract, cerebellum and pons, and with FDC, in the pons. While it is of
interest that respiratory illness was associated with alterations in white
matter in respiratory neural networks including brain stem and cere-
bellum, the developing cerebellum is also vulnerable to hypoxic-is-
chemic injury (Sargent et al., 2004) and it is not possible in this study to
determine causal relations.
Undernutrition is common in preterm infants and contributes to
postnatal growth failure (Hay Jr., 2013; Su, 2014). Requirement for
TPN can be an indicator of illness severity, as generally more critically
ill infants require TPN for longer (Ehrenkranz et al., 2011). Barnett
et al. (2018) found FA correlated negatively with duration of parenteral
nutrition throughout the white matter in preterm infants imaged at
TEA. Other studies have shown requirement of parenteral nutrition is
associated with grey matter, white matter and cerebellar abnormalities
assessed qualitatively on conventional MRI (Beauport et al., 2017;
Brouwer et al., 2017; Kidokoro et al., 2013). FBA demonstrates a re-
lative reduction in FC in the corticospinal tract, cerebellum and pons
associated with longer duration of TPN, when correcting for PMA and
GA. This overlaps with the regions of white matter associated with
longer need for ventilation, suggesting these risk factors potentiate each
other. This is supported by ﬁndings from Ball et al. (2017), showing
that a multimodal imaging pattern which consisted of reduced cere-
bellar and brainstem volume, reductions in FA in the brain stem and
corpus callosum and higher T2 signal intensity in the cerebellum was
associated with markers of neonatal sickness, including days on venti-
lation and TPN.
Fig. 10. Diﬀerences in ﬁbre cross-section (FC) between male and female subjects, corrected for PMA at scan and GA at birth. Fixels with signiﬁcantly higher FC in
male subjects (corrected p < 0.05) are shown on the top and streamlines passing through signiﬁcant ﬁxels (coloured by direction red: left-right; green: anterior-
posterior; blue: inferior-superior) are shown on the bottom row in the axial plane. The boxplot shows FC values for male and female subjects averaged over all
signiﬁcant ﬁxels, corrected for GA and PMA. The single slice axial plane shows a close up of signiﬁcant ﬁxels (red-yellow) overlaid on the ﬁxel template (black),
showing that ﬁxels in cingulum and superior longitudinal fasciculus but not corpus callosum diﬀer between male and female subjects. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Lower birth weight, speciﬁcally intrauterine growth restriction, is
associated with reduced FA values in the corpus callosum (Padilla et al.,
2014), reduced connectivity (Batalle et al., 2012) and with lower re-
gional and whole brain volumes (Bruno et al., 2017; Kersbergen et al.,
2016b). In this study, birthweight z-scores were positively correlated
with FC and FDC across the white matter, but no microstructural
changes in FD were observed. Similarly, Ball et al. (2017) found that a
multivariate marker of intrauterine compromise, including intrauterine
growth restriction, was associated with reductions in brain volume and
higher T2 signal but with little contribution from microstructural
measures.
We also explored diﬀerences in white matter microstructure and
fasciculi cross-section between male and female preterm infants. Male
sex has been implicated as a risk factor for poorer outcome in preterm
infants (Hintz et al., 2006; Serenius et al., 2013; Wood et al., 2005). In
this study, no microstructural diﬀerences were found between male and
female subjects. The relationship between male sex and white matter
alterations is not clear as some studies have shown no diﬀerences in
diﬀusion measures between male and female preterm infants (Anjari
et al., 2007; Skiold et al., 2014; van Kooij et al., 2012), other studies
reported lower FA in in the splenium of the corpus callosum in preterm
males (Rose et al., 2009), and we have observed higher diﬀusivity in
male preterm infants compared to preterm females at TEA (Barnett
et al., 2018). In this study, male infants had higher FC across the whole
of the white matter, although this relationship was not observed when
we corrected for brain volume (Skiold et al., 2014; Thompson et al.,
2007).
FD, FC and FDC measures were positively correlated with age at
scan throughout the white matter. These results are in agreement with
the ﬁndings from Pannek et al. (2018), and a number of DTI studies
showing increased FA (Ball et al., 2010; Pecheva et al., 2017; Rose
et al., 2014) and volumetric studies showing increased white matter
volume (Inder et al., 2005; Makropoulos et al., 2016) with increasing
age during this period. We observed widespread maturational changes
in FDC during the age range studied here. Such changes in FDC may
better represent changes in the ability to relay information than mea-
sures of FD and FC alone (Raﬀelt et al., 2017).
While our ﬁndings describe local white matter damage, they are
likely to also reﬂect grey matter damage leading to abnormal thalamo-
cortical connections (Ball et al., 2013). Cortical maturation from
25 weeks PMA to term is marked by increased dendritic arborisation
observable as greater geometric complexity on dMRI (Batalle et al.,
2019; McKinstry et al., 2002). The development, or disruption, of cel-
lular processes in the cortex is likely to aﬀect white matter connections.
Future studies assessing FBA and cortical development could contribute
to improved understanding of the interplay between anomalous grey
and white matter development observed in this population.
We recognise that this study is limited by a relatively small study
group of preterm infants and larger studies with neurodevelopmental
outcome measures in later childhood are required. Nevertheless, this
study demonstrates that the FBA approach oﬀers new insights into
white matter development and injury related to perinatal risk factors.
5. Summary
In summary, this study shows that greater exposure to the perinatal
risk factors studied here was associated with more wide-spread reduc-
tions in cross-section of white matter fasciculi than with alterations in
ﬁbre density, oﬀering additional information to that which can be ob-
tained from traditional diﬀusion measures of anisotropy and diﬀusivity.
We demonstrate ﬁbre bundle-speciﬁc relationships between risk factors
and ﬁxel measures, providing new insight into white matter develop-
ment and injury in this vulnerable population.
Acknowledgements
We are grateful to the families, clinicians and investigators who
made the ePrime study possible, particularly Denis Azzopardi, Mary
Rutherford and Maggie Redshaw. The work summarises independent
research supported by the National Institute for Health Research
(NIHR) under its Programme Grants for Applied Research Programme
(Grant Reference Number RP-PG-0707-10154). The views expressed are
those of the authors and not necessarily those of the NHS, the NIHR or
the Department of Health. This work was supported by the Medical
Research Council (UK) (grant nos: MR/K006355/1 and MR/L011530/
1), the Wellcome EPSRC Centre for Medical Engineering at Kings
College London (WT 203148/Z/16/Z) and by the Biotechnology and
Biological Sciences Research Council [grant number BB/J014567/1].
The funding source had no role the in study design; in the collection,
analysis and interpretation of data; in the writing of the report; and in
the decision to submit the article for publication.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2019.101820.
References
Allin, M., Walshe, M., Fern, A., Nosarti, C., Cuddy, M., Rifkin, L., Murray, R., Rushe, T.,
Wyatt, J., 2008. Cognitive maturation in preterm and term born adolescents. J.
Neurol. Neurosurg. Psychiatry 79, 381–386.
Andersson, J.L.R., Sotiropoulos, S.N., 2016. An integrated approach to correction for oﬀ-
resonance eﬀects and subject movement in diﬀusion MR imaging. Neuroimage 125,
1063–1078.
Andersson, J.L., Skare, S., Ashburner, J., 2003. How to correct susceptibility distortions in
spin-echo echo-planar images: application to diﬀusion tensor imaging. Neuroimage
20, 870–888.
Andersson, J.L., Graham, M.S., Zsoldos, E., Sotiropoulos, S.N., 2016. Incorporating outlier
detection and replacement into a non-parametric framework for movement and
distortion correction of diﬀusion MR images. Neuroimage 141, 556–572.
Andersson, J.L.R., Graham, M.S., Drobnjak, I., Zhang, H., Filippini, N., Bastiani, M., 2017.
Towards a comprehensive framework for movement and distortion correction of
diﬀusion MR images: within volume movement. Neuroimage 152, 450–466.
Anjari, M., Srinivasan, L., Allsop, J.M., Hajnal, J.V., Rutherford, M.A., Edwards, A.D.,
Counsell, S.J., 2007. Diﬀusion tensor imaging with tract-based spatial statistics re-
veals local white matter abnormalities in preterm infants. Neuroimage 35,
1021–1027.
Anjari, M., Counsell, S.J., Srinivasan, L., Allsop, J.M., Hajnal, J.V., Rutherford, M.A.,
Edwards, A.D., 2009. The association of lung disease with cerebral white matter
abnormalities in preterm infants. Pediatrics 124, 268–276.
Argyropoulou, M.I., Xydis, V., Drougia, A., Argyropoulou, P.I., Tzouﬁ, M., Bassounas, A.,
Andronikou, S., Efremidis, S.C., 2003. MRI measurements of the pons and cerebellum
in children born preterm; associations with the severity of periventricular leukoma-
lacia and perinatal risk factors. Neuroradiology 45, 730–734.
Ball, G., Counsell, S.J., Anjari, M., Merchant, N., Arichi, T., Doria, V., Rutherford, M.A.,
Edwards, A.D., Rueckert, D., Boardman, J.P., 2010. An optimised tract-based spatial
statistics protocol for neonates: applications to prematurity and chronic lung disease.
Neuroimage 53, 94–102.
Ball, G., Boardman, J.P., Aljabar, P., Pandit, A., Arichi, T., Merchant, N., Rueckert, D.,
Edwards, A.D., Counsell, S.J., 2013. The inﬂuence of preterm birth on the developing
thalamocortical connectome. Cortex 49, 1711–1721.
Ball, G., Aljabar, P., Nongena, P., Kennea, N., Gonzalez-Cinca, N., Falconer, S., Chew,
A.T.M., Harper, N., Wurie, J., Rutherford, M.A., Counsell, S.J., Edwards, A.D., 2017.
Multimodal image analysis of clinical inﬂuences on preterm brain development. Ann.
Neurol. 82, 233–246.
Barnett, M.L., Tusor, N., Ball, G., Chew, A., Falconer, S., Aljabar, P., Kimpton, J.A.,
Kennea, N., Rutherford, M., David Edwards, A., Counsell, S.J., 2018. Exploring the
multiple-hit hypothesis of preterm white matter damage using diﬀusion MRI.
Neuroimage Clin. 17, 596–606.
Batalle, D., Eixarch, E., Figueras, F., Munoz-Moreno, E., Bargallo, N., Illa, M., Acosta-
Rojas, R., Amat-Roldan, I., Gratacos, E., 2012. Altered small-world topology of
structural brain networks in infants with intrauterine growth restriction and its as-
sociation with later neurodevelopmental outcome. Neuroimage 60, 1352–1366.
Batalle, D., O'Muircheartaigh, J., Makropoulos, A., Kelly, C.J., Dimitrova, R., Hughes,
E.J., Hajnal, J.V., Zhang, H., Alexander, D.C., Edwards, A.D., Counsell, S.J., 2019 Jan
15. Diﬀerent pattern of cortical maturation before and after 38 weeks gestational age
demonstrated by diﬀusion MRI in vivo. Neuroimage 185, 764–775. https://doi.org/
10.1016/j.neuroimage.2018.05.046. (Epub 2018 May 23).
Bayless, S., Stevenson, J., 2007. Executive functions in school-age children born very
prematurely. Early Hum. Dev. 83, 247–254.
Beauport, L., Schneider, J., Faouzi, M., Hagmann, P., Huppi, P.S., Tolsa, J.F., Truttmann,
D. Pecheva, et al. NeuroImage: Clinical 23 (2019) 101820
13
A.C., Fischer Fumeaux, C.J., 2017. Impact of early nutritional intake on preterm
brain: a magnetic resonance imaging study. J. Pediatr. 181 (29–36), e21.
Behrens, T.E., Berg, H.J., Jbabdi, S., Rushworth, M.F., Woolrich, M.W., 2007.
Probabilistic diﬀusion tractography with multiple ﬁbre orientations: what can we
gain? Neuroimage 34, 144–155.
Bernstein, I.M., Horbar, J.D., Badger, G.J., Ohlsson, A., Golan, A., 2000. Morbidity and
mortality among very-low-birth-weight neonates with intrauterine growth restric-
tion. The Vermont Oxford network. Am. J. Obstet. Gynecol. 182, 198–206.
Bhutta, A.T., Cleves, M.A., Casey, P.H., Cradock, M.M., Anand, K.J., 2002. Cognitive and
behavioral outcomes of school-aged children who were born preterm: a meta-ana-
lysis. JAMA 288, 728–737.
Blencowe, H., Cousens, S., Oestergaard, M.Z., Chou, D., Moller, A.B., Narwal, R., Adler,
A., Vera Garcia, C., Rohde, S., Say, L., Lawn, J.E., 2012. National, regional, and
worldwide estimates of preterm birth rates in the year 2010 with time trends since
1990 for selected countries: a systematic analysis and implications. Lancet 379,
2162–2172.
Boardman, J.P., Counsell, S.J., Rueckert, D., Hajnal, J.V., Bhatia, K.K., Srinivasan, L.,
Kapellou, O., Aljabar, P., Dyet, L.E., Rutherford, M.A., Allsop, J.M., Edwards, A.D.,
2007. Early growth in brain volume is preserved in the majority of preterm infants.
Ann. Neurol. 62, 185–192.
Brossard-Racine, M., Poretti, A., Murnick, J., Bouyssi-Kobar, M., McCarter, R., du Plessis,
A.J., Limperopoulos, C., 2017. Cerebellar microstructural organization is altered by
complications of premature birth: a case-control study. J. Pediatr. 182 (28–33), e21.
Brouwer, M.J., Kersbergen, K.J., van Kooij, B.J.M., Benders, M., van Haastert, I.C.,
Koopman-Esseboom, C., Neil, J.J., de Vries, L.S., Kidokoro, H., Inder, T.E.,
Groenendaal, F., 2017. Preterm brain injury on term-equivalent age MRI in relation
to perinatal factors and neurodevelopmental outcome at two years. PLoS ONE 12,
e0177128.
Brummelte, S., Grunau, R.E., Chau, V., Poskitt, K.J., Brant, R., Vinall, J., Gover, A.,
Synnes, A.R., Miller, S.P., 2012. Procedural pain and brain development in premature
newborns. Ann. Neurol. 71, 385–396.
Bruno, C.J., Bengani, S., Gomes, W.A., Brewer, M., Vega, M., Xie, X., Kim, M., Fuloria, M.,
2017. MRI diﬀerences associated with intrauterine growth restriction in preterm
infants. Neonatology 111, 317–323.
Chau, V., Poskitt, K.J., McFadden, D.E., Bowen-Roberts, T., Synnes, A., Brant, R., Sargent,
M.A., Soulikias, W., Miller, S.P., 2009. Eﬀect of chorioamnionitis on brain develop-
ment and injury in premature newborns. Ann. Neurol. 66, 155–164.
Delobel-Ayoub, M., Arnaud, C., White-Koning, M., Casper, C., Pierrat, V., Garel, M.,
Burguet, A., Roze, J.C., Matis, J., Picaud, J.C., Kaminski, M., Larroque, B., Group, E.S,
2009. Behavioral problems and cognitive performance at 5 years of age after very
preterm birth: the EPIPAGE study. Pediatrics 123, 1485–1492.
Ehrenkranz, R.A., Das, A., Wrage, L.A., Poindexter, B.B., Higgins, R.D., Stoll, B.J., Oh, W.,
Eunice Kennedy Shriver National Institute of Child, H, Human Development Neonatal
Research, N, 2011. Early nutrition mediates the inﬂuence of severity of illness on
extremely LBW infants. Pediatr. Res. 69, 522–529.
Gilmore, J.H., Lin, W., Prastawa, M.W., Looney, C.B., Vetsa, Y.S., Knickmeyer, R.C.,
Evans, D.D., Smith, J.K., Hamer, R.M., Lieberman, J.A., Gerig, G., 2007. Regional
gray matter growth, sexual dimorphism, and cerebral asymmetry in the neonatal
brain. J. Neurosci. 27, 1255–1260.
Guarini, A., Sansavini, A., Fabbri, C., Alessandroni, R., Faldella, G., Karmiloﬀ-Smith, A.,
2009. Reconsidering the impact of preterm birth on language outcome. Early Hum.
Dev. 85, 639–645.
Hansen, B.M., Hoﬀ, B., Uldall, P., Greisen, G., Kamper, J., Djernes, B., Hertel, J.,
Christensen, M.F., Andersen, E., Lillquist, K., Verder, H., Peitersen, B., Grytter, C.,
Agertoft, L., Andersen, E.A., Berg, A., Krag-Olsen, B., Sardeman, H., Jonsbo, F.,
Jorgensen, N.F., Christensen, N.C., Nielsen, F., Ebbesen, F., Pryds, O., Lange, A.,
Danish, E.G., 2004. Perinatal risk factors of adverse outcome in very preterm chil-
dren: a role of initial treatment of respiratory insuﬃciency? Acta Paediatr. 93,
185–189.
Hay Jr., W.W., 2013. Aggressive nutrition of the preterm infant. Curr. Pediatr. Res. 1.
Hintz, S.R., Kendrick, D.E., Vohr, B.R., Kenneth Poole, W., Higgins, R.D., Nichd Neonatal
Research, N., 2006. Gender diﬀerences in neurodevelopmental outcomes among
extremely preterm, extremely-low-birthweight infants. Acta Paediatr. 95,
1239–1248.
Howson, C.P., Kinney, M.V., McDougall, L., Lawn, J.E., Born Too Soon Preterm Birth
Action, G, 2013. Born too soon: preterm birth matters. Reprod. Health 10 (Suppl.
1), S1.
Inder, T.E., Warﬁeld, S.K., Wang, H., Huppi, P.S., Volpe, J.J., 2005. Abnormal cerebral
structure is present at term in premature infants. Pediatrics 115, 286–294.
Jeurissen, B., Leemans, A., Tournier, J.D., Jones, D.K., Sijbers, J., 2013. Investigating the
prevalence of complex ﬁber conﬁgurations in white matter tissue with diﬀusion
magnetic resonance imaging. Hum. Brain Mapp. 34, 2747–2766.
Joseph, R.M., O'Shea, T.M., Allred, E.N., Heeren, T., Hirtz, D., Jara, H., Leviton, A.,
Kuban, K.C., Investigators, E.S., 2016. Neurocognitive and academic outcomes at age
10 years of extremely preterm Newborns. Pediatrics 137.
Kady, S.M., Gardosi, J., 2004. Perinatal mortality and fetal growth restriction. Best Pract.
Res. Clin. Obstet. Gynaecol. 18, 397–410.
Kersbergen, K.J., Leroy, F., Isgum, I., Groenendaal, F., de Vries, L.S., Claessens, N.H., van
Haastert, I.C., Moeskops, P., Fischer, C., Mangin, J.F., Viergever, M.A., Dubois, J.,
Benders, M.J., 2016a. Relation between clinical risk factors, early cortical changes,
and neurodevelopmental outcome in preterm infants. Neuroimage 142, 301–310.
Kersbergen, K.J., Makropoulos, A., Aljabar, P., Groenendaal, F., de Vries, L.S., Counsell,
S.J., Benders, M.J., 2016b. Longitudinal regional brain development and clinical risk
factors in extremely preterm infants. J. Pediatr. 178 (93–100), e106.
Kidokoro, H., Neil, J.J., Inder, T.E., 2013. New MR imaging assessment tool to deﬁne
brain abnormalities in very preterm infants at term. AJNR Am. J. Neuroradiol. 34,
2208–2214.
Kobaly, K., Schluchter, M., Minich, N., Friedman, H., Taylor, H.G., Wilson-Costello, D.,
Hack, M., 2008. Outcomes of extremely low birth weight (< 1 kg) and extremely low
gestational age (< 28 weeks) infants with bronchopulmonary dysplasia: eﬀects of
practice changes in 2000 to 2003. Pediatrics 121, 73–81.
Lin, P.W., Stoll, B.J., 2006. Necrotising enterocolitis. Lancet 368, 1271–1283.
Lodha, A., Sauve, R., Bhandari, V., Tang, S., Christianson, H., Bhandari, A., Amin, H.,
Singhal, N., 2014. Need for supplemental oxygen at discharge in infants with
bronchopulmonary dysplasia is not associated with worse neurodevelopmental out-
comes at 3 years corrected age. PLoS ONE 9, e90843.
Makropoulos, A., Aljabar, P., Wright, R., Huning, B., Merchant, N., Arichi, T., Tusor, N.,
Hajnal, J.V., Edwards, A.D., Counsell, S.J., Rueckert, D., 2016. Regional growth and
atlasing of the developing human brain. Neuroimage 125, 456–478.
Marlow, N., Wolke, D., Bracewell, M.A., Samara, M., Group, E.P.S, 2005. Neurologic and
developmental disability at six years of age after extremely preterm birth. N. Engl. J.
Med. 352, 9–19.
Marlow, N., Hennessy, E.M., Bracewell, M.A., Wolke, D., Group, E.P.S, 2007. Motor and
executive function at 6 years of age after extremely preterm birth. Pediatrics 120,
793–804.
McKinstry, R.C., Mathur, A., Miller, J.H., Ozcan, A., Snyder, A.Z., Scheﬀt, G.L., Almli,
C.R., Shiran, S.I., Conturo, T.E., Neil, J.J., 2002. Radial organization of developing
preterm human cerebral cortex revealed by non-invasive water diﬀusion anisotropy
MRI. Cereb. Cortex 12, 1237–1243.
Nichols, T.E., Holmes, A.P., 2002. Nonparametric permutation tests for functional neu-
roimaging: a primer with examples. Hum. Brain Mapp. 15, 1–25.
Padilla, N., Junque, C., Figueras, F., Sanz-Cortes, M., Bargallo, N., Arranz, A., Donaire, A.,
Figueras, J., Gratacos, E., 2014. Diﬀerential vulnerability of gray matter and white
matter to intrauterine growth restriction in preterm infants at 12 months corrected
age. Brain Res. 1545, 1–11.
Pannek, K., Fripp, J., George, J.M., Fiori, S., Colditz, P.B., Boyd, R.N., Rose, S.E., 2018.
Fixel-based analysis reveals alterations is brain microstructure and macrostructure of
preterm-born infants at term equivalent age. Neuroimage Clin. 18, 51–59.
Pecheva, D., Yushkevich, P., Batalle, D., Hughes, E., Aljabar, P., Wurie, J., Hajnal, J.V.,
Edwards, A.D., Alexander, D.C., Counsell, S.J., Zhang, H., 2017. A tract-speciﬁc ap-
proach to assessing white matter in preterm infants. Neuroimage 157, 675–694.
Pieterman, K., Batalle, D., Dudink, J., Tournier, J.D., Hughes, E.J., Barnett, M., Benders,
M.J., Edwards, A.D., Hoebeek, F.E., Counsell, S.J., 2017. Cerebello-cerebral con-
nectivity in the developing brain. Brain Struct. Funct. 222, 1625–1634.
Raﬀelt, D.A., Smith, R.E., Ridgway, G.R., Tournier, J.D., Vaughan, D.N., Rose, S.,
Henderson, R., Connelly, A., 2015 Aug 15. Connectivity-based ﬁxel enhancement:
Whole-brain statistical analysis of diﬀusion MRI measures in the presence of crossing
ﬁbres. Neuroimage. 117, 40–55. https://doi.org/10.1016/j.neuroimage.2015.05.
039. (Epub 2015 May 22).
Raﬀelt, D., Tournier, J.D., Fripp, J., Crozier, S., Connelly, A., Salvado, O., 2009. Spatial
Normalization of High Angular Resolution Diﬀusion Imaging Data Using Fiber
Orientation Distributions. (Proceedings of International Society for Magnetic
Resonance in Medicine).
Raﬀelt, D., Tournier, J.D., Fripp, J., Crozier, S., Connelly, A., Salvado, O., 2011.
Symmetric diﬀeomorphic registration of ﬁbre orientation distributions. Neuroimage
56, 1171–1180.
Raﬀelt, D., Tournier, J.D., Crozier, S., Connelly, A., Salvado, O., 2012. Reorientation of
ﬁber orientation distributions using apodized point spread functions. Magn. Reson.
Med. 67, 844–855.
Raﬀelt, D.A., Tournier, J.D., Smith, R.E., Vaughan, D.N., Jackson, G., Ridgway, G.R.,
Connelly, A., 2017. Investigating white matter ﬁbre density and morphology using
ﬁxel-based analysis. Neuroimage 144, 58–73.
Reiss, A.L., Kesler, S.R., Vohr, B., Duncan, C.C., Katz, K.H., Pajot, S., Schneider, K.C.,
Makuch, R.W., Ment, L.R., 2004. Sex diﬀerences in cerebral volumes of 8-year-olds
born preterm. J. Pediatr. 145, 242–249.
Rose, J., Butler, E.E., Lamont, L.E., Barnes, P.D., Atlas, S.W., Stevenson, D.K., 2009.
Neonatal brain structure on MRI and diﬀusion tensor imaging, sex, and neurodeve-
lopment in very-low-birthweight preterm children. Dev. Med. Child Neurol. 51,
526–535.
Rose, J., Vassar, R., Cahill-Rowley, K., Guzman, X.S., Stevenson, D.K., Barnea-Goraly, N.,
2014. Brain microstructural development at near-term age in very-low-birth-weight
preterm infants: an atlas-based diﬀusion imaging study. Neuroimage 86, 244–256.
Salvan, P., Tournier, J.D., Batalle, D., Falconer, S., Chew, A., Kennea, N., Aljabar, P.,
Dehaene-Lambertz, G., Arichi, T., Edwards, A.D., Counsell, S.J., 2017 Aug. Language
ability in preterm children is associated with arcuate fasciculi microstructure at term.
Hum. Brain Mapp. 38 (8), 3836–3847. https://doi.org/10.1002/hbm.23632. (Epub
2017 May 4).
Sargent, M.A., Poskitt, K.J., Roland, E.H., Hill, A., Hendson, G., 2004. Cerebellar vermian
atrophy after neonatal hypoxic-ischemic encephalopathy. AJNR Am. J. Neuroradiol.
25, 1008–1015.
Serenius, F., Kallen, K., Blennow, M., Ewald, U., Fellman, V., Holmstrom, G., Lindberg, E.,
Lundqvist, P., Marsal, K., Norman, M., Olhager, E., Stigson, L., Stjernqvist, K.,
Vollmer, B., Stromberg, B., Group, E, 2013. Neurodevelopmental outcome in ex-
tremely preterm infants at 2.5 years after active perinatal care in Sweden. JAMA 309,
1810–1820.
Short, E.J., Klein, N.K., Lewis, B.A., Fulton, S., Eisengart, S., Kercsmar, C., Baley, J.,
Singer, L.T., 2003. Cognitive and academic consequences of bronchopulmonary
dysplasia and very low birth weight: 8-year-old outcomes. Pediatrics 112, e359.
Skiold, B., Alexandrou, G., Padilla, N., Blennow, M., Vollmer, B., Aden, U., 2014. Sex
diﬀerences in outcome and associations with neonatal brain morphology in extremely
preterm children. J. Pediatr. 164, 1012–1018.
Smith, S.M., 2002. Fast robust automated brain extraction. Hum. Brain Mapp. 17,
D. Pecheva, et al. NeuroImage: Clinical 23 (2019) 101820
14
143–155.
Smith, R.E., Tournier, J.D., Calamante, F., Connelly, A., 2013. SIFT: spherical-deconvo-
lution informed ﬁltering of tractograms. Neuroimage 67, 298–312.
Srinivasan, L., Allsop, J., Counsell, S.J., Boardman, J.P., Edwards, A.D., Rutherford, M.,
2006. Smaller cerebellar volumes in very preterm infants at term-equivalent age are
associated with the presence of supratentorial lesions. AJNR Am. J. Neuroradiol. 27,
573–579.
Stephens, B.E., Walden, R.V., Gargus, R.A., Tucker, R., McKinley, L., Mance, M., Nye, J.,
Vohr, B.R., 2009. First-week protein and energy intakes are associated with 18-month
developmental outcomes in extremely low birth weight infants. Pediatrics 123,
1337–1343.
Su, B.H., 2014. Optimizing nutrition in preterm infants. Pediatr. Neonatol. 55, 5–13.
Takahashi, E., Hayashi, E., Schmahmann, J.D., Grant, P.E., 2014. Development of cere-
bellar connectivity in human fetal brains revealed by high angular resolution diﬀu-
sion tractography. Neuroimage 96, 326–333.
Thompson, D.K., Warﬁeld, S.K., Carlin, J.B., Pavlovic, M., Wang, H.X., Bear, M., Kean,
M.J., Doyle, L.W., Egan, G.F., Inder, T.E., 2007. Perinatal risk factors altering regional
brain structure in the preterm infant. Brain 130, 667–677.
Tournier, J.D., Calamante, F., Gadian, D.G., Connelly, A., 2004. Direct estimation of the
ﬁber orientation density function from diﬀusion-weighted MRI data using spherical
deconvolution. Neuroimage 23, 1176–1185.
Tournier, J.D., Calamante, F., Connelly, A., 2007. Robust determination of the ﬁbre or-
ientation distribution in diﬀusion MRI: non-negativity constrained super-resolved
spherical deconvolution. Neuroimage 35, 1459–1472.
Tournier, J.D., Mori, S., Leemans, A., 2011. Diﬀusion tensor imaging and beyond. Magn.
Reson. Med. 65, 1532–1556.
Tournier, J.D., Calamante, F., Connelly, A., 2013. Determination of the appropriate b
value and number of gradient directions for high-angular-resolution diﬀusion-
weighted imaging. NMR Biomed. 26, 1775–1786.
Tustison, N.J., Avants, B.B., Cook, P.A., Zheng, Y., Egan, A., Yushkevich, P.A., Gee, J.C.,
2010. N4ITK: improved N3 bias correction. IEEE Trans. Med. Imaging 29,
1310–1320.
van Kooij, B.J., de Vries, L.S., Ball, G., van Haastert, I.C., Benders, M.J., Groenendaal, F.,
Counsell, S.J., 2012. Neonatal tract-based spatial statistics ﬁndings and outcome in
preterm infants. AJNR Am. J. Neuroradiol. 33, 188–194.
Veraart, J., Novikov, D.S., Christiaens, D., Ades-Aron, B., Sijbers, J., Fieremans, E., 2016.
Denoising of diﬀusion MRI using random matrix theory. Neuroimage 142, 394–406.
Vohr, B.R., Wright, L.L., Dusick, A.M., Mele, L., Verter, J., Steichen, J.J., Simon, N.P.,
Wilson, D.C., Broyles, S., Bauer, C.R., Delaney-Black, V., Yolton, K.A., Fleisher, B.E.,
Papile, L.A., Kaplan, M.D., 2000. Neurodevelopmental and functional outcomes of
extremely low birth weight infants in the National Institute of Child Health and
Human Development Neonatal Research network, 1993-1994. Pediatrics 105,
1216–1226.
Volpe, J.J., 2003. Cerebral white matter injury of the premature infant-more common
than you think. Pediatrics 112, 176–180.
Volpe, J.J., 2009a. Brain injury in premature infants: a complex amalgam of destructive
and developmental disturbances. Lancet Neurol. 8, 110–124.
Volpe, J.J., 2009b. The encephalopathy of prematurity–brain injury and impaired brain
development inextricably intertwined. Semin. Pediatr. Neurol. 16, 167–178.
Williams, J., Lee, K.J., Anderson, P.J., 2010. Prevalence of motor-skill impairment in
preterm children who do not develop cerebral palsy: a systematic review. Dev. Med.
Child Neurol. 52, 232–237.
Wolke, D., Meyer, R., 1999. Cognitive status, language attainment, and prereading skills
of 6-year-old very preterm children and their peers: the Bavarian longitudinal study.
Dev. Med. Child Neurol. 41, 94–109.
Wolke, D., Samara, M., Bracewell, M., Marlow, N., Group, E.P.S, 2008. Speciﬁc language
diﬃculties and school achievement in children born at 25 weeks of gestation or less.
J. Pediatr. 152, 256–262.
Wood, N.S., Costeloe, K., Gibson, A.T., Hennessy, E.M., Marlow, N., Wilkinson, A.R.,
Group, E.P.S, 2005. The EPICure study: associations and antecedents of neurological
and developmental disability at 30 months of age following extremely preterm birth.
Arch. Dis. Child. Fetal Neonatal Ed. 90, F134–F140.
Zhang, H., Yushkevich, P.A., Rueckert, D., Gee, J.C., 2009. Tensor-based morphometry of
ﬁbrous structures with application to human brain white matter. Med. Image
Comput. Assist. Interv. 12, 466–473.
Zwicker, J.G., Grunau, R.E., Adams, E., Chau, V., Brant, R., Poskitt, K.J., Synnes, A.,
Miller, S.P., 2013. Score for neonatal acute physiology-II and neonatal pain predict
corticospinal tract development in premature newborns. Pediatr. Neurol. 48
(123–129), e121.
D. Pecheva, et al. NeuroImage: Clinical 23 (2019) 101820
15
